The interest in ferroelectric van der Waals crystals arises from the potential to realize ultrathin ferroic systems owing to the reduced surface energy of these materials and the layered structure that allows for exfoliation. Here, we quantitatively unravel giant negative electrostriction of van der Waals layered copper indium thiophosphate (CIPS), which exhibits an electrostrictive coefficient Q33 as high as -3.2 m 4 /C 2 and a resulting bulk piezoelectric coefficient d33 up to -85 pm/V. As a result, the electromechanical response of CIPS is comparable in magnitude to established perovskite ferroelectrics despite possessing a much smaller spontaneous polarization of only a few µC/cm 2 . In the paraelectric state, readily accessible owing to low transition temperatures, CIPS exhibits large dielectric tunability, similar to widely-used barium strontium titanate, and as a result both giant and continuously tunable electromechanical 3 response. The persistence of electrostrictive and tunable responses in the paraelectric state indicates that even few layer films or nanoparticles will sustain significant electromechanical functionality, offsetting the inevitable suppression of ferroelectric properties in the nanoscale limit. These findings can likely be extended to other ferroelectric transition metal thiophosphates and (quasi-) two-dimensional materials and might facilitate the quest towards novel ultrathin functional devices incorporating electromechanical response.
Introduction
Ferroelectrics can significantly enrich the functionality of 2D electronic materials, as already evidenced in dozens of reports on graphene-ferroelectric hybrids, non-volatile memory, and optoelectronic devices [1] [2] [3] [4] [5] . However, integration of conventional perovskite oxide ferroelectrics and 2D materials has not been straightforward due to numerous extrinsic or intrinsic compensating mechanisms in the forms of electrochemical reactions, surface reconstructions, or vacancy centers that occur to screen spontaneous polarization [6, 7] . A lot of the relevant work centered on ferroelectric polymer polyvinylidene fluoride (PVDF) [1, 8, 9] , which is more resistant to defects and provides the most examples of successful integration of ferroelectrics and 2D materials. It is however, evident that the polymer matrix is not directly compatible with van-der-Waals heterostructures, necessitating the search for new ferroic materials that could couple to 2D materials via native van der Waals interfaces.
Recently, several reports have pointed to the possibility of transition metal thiophosphates, and particularly CuInP2S6 (CIPS) incorporating copper ions in a stereoactive low-oxidation state, as a candidate material to fulfil the role of 2D and quasi-2D ferroelectrics in the defect-free limit [10] [11] [12] [13] [14] . In van der Waals layered thiophosphate compounds the surfaces are stable and relatively inert due to the lack of dangling bonds. At the same time, thiophosphates exhibit well-defined long-range order that is difficult to achieve in polymers. Moreover, CIPS appears to be quite resistant to intentional offstoichiometry, instead undergoing phase-separation into nearly pure phases of ferroelectric CuInP2S6 (CIPS) and dielectric In4/3P2S6 (IPS) [10, 14] . However, one of the challenges of thiophosphate materials is their small intrinsic polarization (e.g. ~3.5 µC/cm 2 for CuInP2S6 at 153 K [15] ), which is a general characteristic property of order-disorder ferroelectrics. It is unlikely that the polarization itself can be dramatically increased and it is certainly going to be diminished in ultrathin films due to intrinsic sizeeffects [12] . Instead, here we explore the electromechanical and dielectric responses of CIPS which, as it turns out are not impeded and, in some ways, are enabled by small polarization value.
Specifically, we demonstrate and quantify a surprisingly large and negative electrostriction of bulk CIPS crystals of several μm thickness. Negative electrostriction in CuInP2S6 was first suggested in the work of Liu et al. (see supplementary information of reference [13] ) based on the observation of local switching loops in PFM measurements. Here we provide independent evidence of negative electrostriction from three different sources, PFM, X-ray diffraction and first-principles calculations, which largely rules out most experimental artefacts that can mask electromechanical response at the nanoscale. We reveal that the magnitude of electrostriction is roughly 100-fold larger than in wellestablished perovskite ferroelectrics, such as lead zirconate titanate (PZT), which makes the net electromechanical response of CIPS comparable to these materials and practically useful, despite its low polarization. Finally, we demonstrate that the effect of negative electrostriction persists in in the paraelectric state above the Curie temperature, producing dielectric tunability in the paraelectric state comparable to barium strontium titanate (BST) [16] , at least at low frequencies. Given persistence above Tc, we posit that the large electromechanical response will be resistant to size-effects. At the same time, negative electrostriction is equivalent to increase of polarization with applied pressure. Both of these properties point to new opportunities for 2D and quasi-2D ferroelectric devices and should inspire evaluation of electromechanical properties in van der Waals ferroelectric crystals, including but not limited to the broad thiophosphate family.
Results and discussion
Negative electrostriction in CuInP2S6 can be inferred directly from the change of the geometry of the unitcell across the ferroelectric transition (Figure 1(a) ). As first noted by Maisonneuve et al. [15] and more recently confirmed by Susner et al. [10] , the unit-cell compresses upon transition into the ferroelectric state, which is opposite to most known ferroelectrics with a notable exception of PVDF. The strain ( ) associated with spontaneous polarization is described by the fundamental relation = (in Einstein notation) [16] [17] [18] , where , , -correspond to strain, electrostriction and polarization components, respectively. The increase of polarization from paraelectric to ferroelectric states, coupled with compression of the lattice (negative strain) then requires electrostrictive coefficient to be negative.
To quantify the electrostrictive tensor Q, we analyzed the experimental temperature dependence of the dielectric permittivity as reported by Guranich et al. [19] (Figure 1 
Here, P3 and E3 are the polarization and electric field z-components (z coincides with the crystallographic direction c), Q13, Q23 and Q33 denote relevant components of the electrostrictive tensor and1, 2 and 3 are stress tensor component in Voigt notation. We suppose that only the first coefficient α depends on temperature T as
, while  and  are temperature independent. Experimental and fitting results for temperature dependency of dielectric permittivity and polarization are shown in the Supplemental Material Figure S1 (a) and (b), respectively [20] . The values of C T , the Curie-Weiss constant CW C and nonlinear coefficients  and  extracted from fitting to experimental data are summarized in Table 1 .
The electrostriction coefficients Q13, Q23 and Q33 were then extracted from the measured temperature dependences of lattice constants a, b and c (Figure 1 Here, a0, b0 and c0 are lattice constants at 600 K while a1, b1 and c1 are linear thermal expansion coefficients for the paraelectric phase. Using the abovementioned electrostriction coefficients, as well as the measured value of permittivity and spontaneous polarization, the piezoelectric strain coefficients The resulting electrostrictive coefficient Q33 = -3.2 m 4 /C 2 is two orders of magnitude higher than reported for PZT, even exceeding the Q33= -1.3 to -2.4 m 4 /C 2 reported for PVDF [18, 21] . The piezoelectric coefficients of d31 = -29 pm/V, d32 = -19 pm/V and d33 = -85 pm/V are almost three-fold larger than the values for PVDF of d33 = of -38 pm/V or d33 = 30 pm/V and d31 = -18 pm/V [18, 21] .
Fitting the c lattice constant upon assuming temperature dependence of Q yields even higher Q33 values of 
Ps (C/cm 2 ) 2.6 (at 293 K) *The geometry of the dielectric measurements under applied pressure was not specified in Guranich et al., [19] so that the effective coupling could not be related to Cartesian components of tensor Qij
Although the detailed atomistic mechanism for large negative electrostriction remains to be understood, we draw basic parallels to Ising-type analysis of electrostriction in relaxor ferroelectrics [22] .
Specifically, for hydrostatic pressure [22] [23] [24] :
where Qh is the hydrostatic electrostrictive coefficient, and p the applied pressure. Using the data from
Guranich et al. [19] , / ℎ = 2.1e-7 K/Pa. As a result, we obtain Qh = -1.65 m 4 /C 2 , which closely compares to specific electrostrictive coefficients in Table 1 , and is yet again up to two orders of magnitude larger than similar values for perovskite ferroelectrics [22] . Compared to perovskite ferroelectrics, the large electrostrictive coefficient is a joint product of both comparably large and positive pressure dependence of the Curie temperature, as well as the order of magnitude smaller Curie-Weiss constant of CIPS.
To probe the effects of negative electrostriction on the electromechanical response, we applied quantitative piezoresponse force microscopy (PFM) and voltage spectroscopy [25, 26] that measures deformation of the surface in applied electric fields (Dac). We chose a several μm thick composite crystal where CIPS is interspersed with a non-piezoelectric IPS phase [14] . The presence of the non-ferroelectric phase has provided an unambiguous reference for the observed response below and above the ferroelectric Curie temperature TC, enabling the observation of intrinsic electromechanical behavior of the CIPS phase. Negative electrostriction manifests directly in the hysteresis of the measured Dac as a function of applied potential on the tip that causes local polarization switching, i.e. the shape of the local ferroelectric hysteresis loops [26, 27] .
As shown in Figure 2 (b), the hysteresis obtained from the CIPS phase is qualitatively a "mirror image" of the hysteresis on PZT, in that the electromechanical response Dac (e.g. maximum measured Dac values for specific bias polarity) are of opposite sign between the two materials. In a physical picture, this discrepancy indicates that CIPS contracts in electric field rather than expanding as in the PZT, which is again a consequence of negative electrostriction.
Qualitatively similar PFM hysteresis loops on CIPS has previously been reported [13] , likewise citing them as evidence of negative electrostriction. We note however one important caveat of negative electrostrictive response. Given negative electrostriction, piezoelectric contraction becomes indistinguishable from contraction of the junction under electrostatic forces, that can be particularly strong for local measurements on any dielectric surface [26, 28] .
Electromechanical and electrostatic contributions can be separated from systematic comparison of CIPS and PZT to non-ferroelectric IPS and a-HfO2 in Figure 2(b) . IPS is a linear dielectric and reveals a purely electrostatic response. In contrast to CIPS, the response of IPS has negligible hysteresis in-field (on-field Dac, blue curve, circle data points) and negligible magnitude off-field (remanent Dac, orange curve, square data points). The IPS response is therefore most consistent with electrostatic forces acting on the tip and the IPS phase shows nearly zero off-field converse piezoelectric response [14] .
The response of HfO2 is likewise electrostatic, but it's also hysteretic because of charge injection into the oxide [26, 28] . The magnitude of on-field and off-field responses is similar for IPS and a-HfO2, whereas the maximum signal from CIPS and PZT is up to two times (on-field) and up to 20 times (offfield) larger than that of IPS and a-HfO2.
When comparing on-field response shapes, CIPS is most similar to the characteristics of a-HfO2.
But there is a key qualitative difference. The loop orientations for the remanent response of a-HfO2 and CIPS are opposite (Figure 2(b) ), which unambiguously differentiates between electromechanical hysteresis from negative electrostriction and electrostatic signal contribution accompanied by chargeinjection. The electrostatic contribution from the CIPS on-field response can then be straightforwardly eliminated by subtracting the IPS on-field Dac signals from those of CIPS, as is shown in the Supplemental Material Figure S2 [20] . After this subtraction, we end up with remanent Dac of ~ -14 pm/V. It shall be noted single phase CIPS, more relevant to practical applications, exhibits very similar piezoelectric properties to CIPS/IPS mixed phase crystals.
The remanent response of CIPS is therefore ~1/3 rd of that of PZT (at zero bias, Figure 2(b) ).
Because the measured Dac is proportional to longitudinal components of the piezoresponse (primarily 33 = 2 33 3 33 0 ), while the polarization P of CIPS is only ~4 µC/cm 2 [15, 29] (in comparison to PZT thin films of P ~ 50-75 µC/cm 2 ) [30] , the observed large Dac is only feasible if the relevant components of the electrostrictive tensor are are indeed much larger than in PZT. In fact, assuming 33 from Table   1 , Q33 would have to be at least ~20-fold larger, coarsely agreeing with the estimates from X-ray
diffraction. Yet we did not observe Dac of ~ -100 pm/V, that have been inferred from X-ray diffraction above. One possible explanation for the discrepancy is that PFM probes sub-surface volume, subject to depolarization and surface effects, and possibly a Schottky barrier, where both ε and P are lower compared to the bulk. Moreover, mechanical clamping effects are expected to significantly reduce the measured response.
To ascertain the properties of local polarization CIPS in applied field, the measurements were repeated above the phase transition temperature of CIPS, around 40°C-70°C depending on specific composition [14] , PFM images obtained at 100°C show negligible Dac (see Supplemental Material Figure   S3 [20]), except for weak topographic crosstalk [31] . In voltage spectroscopy, the off-field response is close to zero for CIPS and IPS, corroborating loss of remanent polarization in CIPS (see Supplemental Material Figure S4 [20]). The curvature of the CIPS on-field loop, however, shows a distinctive sigmoidal shape, as shown in Figure 3 (a).
From our earlier studies on paraelectric Ba1-xSrxTiO3 (BST) [16] , this behavior can be traced to the dielectric non-linearity and, hence, to the dependence of the dielectric constant εr on the applied electric field. Here again, we need to separate electrostatic response, which as evident from the IPS onfield loops (see Supplemental Material Figure S4 Finally, we probed the dependence of spontaneous polarization on strain with first-principles calculations as described in the Supplementary Material [20] . The calculations, likewise, confirm the negative sign of the piezoelectric coefficient, by observing that the spontaneous polarization decreases with tensile strain along the direction normal to the basal plane [32] . The atomistic mechanism behind this effect remains to be understood. However, we do note that we expect the electromechanical response of CIPS to be quite strongly temperature-dependent, as shown in Figure 4 . This is primarily due to appreciably strong temperature dependence of the dielectric constant and proximity of the phase transition to room-temperature. Temperature dependence of piezoelectric properties may or may not be beneficial for specific applications. 
Conclusions and outlook
We quantitatively analyze giant negative electrostriction in van der Waals layered ferroelectric CIPS, leading to an electromechanical response comparable to traditional ferroelectric oxides despite its small polarization. Above the ferroelectric Curie point, the strong negative electrostrictive response persists, which combined with dielectric tunability in the paraelectric state may lead to new applications in complex electronic circuits and memory elements [16] . This result is also important for electroactivity of ultrathin flakes and possibly a single layer of this compound, where polarization is likely to be suppressed or perhaps the flake becomes paraelectric [12, 13] . The simplest nanoscale devices that can be envisioned based on giant electrostriction are nanoscale tunneling memory elements, whose memory state is read out based on mechanical deformation of the tunneling gap, and temperature sensors based on similar principles. Large negative electrostriction may itself be promising for potential applications such as negative capacitors [33, 34] . Finally, the joint action of negative electrostrictive coupling, Vegard strains and surface tension should lead to nontrivial manifestations of finite size effects in CIPS nanoparticles (e.g. of quasi-spherical shape), such as persistence and possibly increase of polarization in ultra-small nanoparticles with radii less than 5 nm, as well as possible reentrance of the ferroelectric phase at the nanoscale [35, 36] .
Experimental
The CIPS-IPS heterostructured sample was prepared by first synthesizing In2S3 as a precursor and then following the reaction scheme (1 − ) + In PFM scans, a voltage of 0.5 Vac amplitude at a single frequency near contact resonance was applied as excitation signal. PFM voltage spectroscopy was performed using National Instrument data acquisition hardware interfaced with LabView software. The specific PFM spectroscopy modes applied were band excitation contact Kelvin probe force microscopy (cKPFM) [26] and band excitation PFM spectroscopy (BEPS) [37] . All shown response loop were either obtained using BEPS (Figure 2 Figure SI3 ). The loops shown were averaged over the whole voltage spectroscopy grid for PZT whereas response obtained from the whole CIPS phase and IPS areas were separated using multivariate statistical approaches (Figure 2(b) ) and the electrostatic slope (Figure 2, Figure 3 ) for masking. Response loops for a-HfO2 shown in Figure 2 The temperature dependence of the piezoelectric coefficients was obtained with a LGD approach using the mentioned electrostriction coefficients as well as experimentally measured value of susceptibility χij and spontaneous polarization Pi. We could estimate the piezoelectric strain coefficients dij via the following relations: 31 = 2 0 3 ( 13 33 + 15 13 ), 32 = 2 0 3 ( 23 33 + 25 13 ), 33 = 2 0 3 ( 33 33 + 35 13 ), 15 = 2 0 3 ( 55 11 + 53 13 ), 24 = 2 0 3 44 22 (S1) However, only three coefficients could be deduced from the lattice constants temperature dependences.
Moreover, as it is seen from Eq. (3), there are mixed type components of electrostriction (sheardilatational strains), which makes it difficult to relate unambiguously piezoelectric coefficients and components of electrostriction tensor. Note that non-zero values of 15 Q , 25 Q etc. are the consequence of the low symmetry of media (2/m point group of paraelectric phase of CIPS).
To assess electrostatic contributions, IPS on-field response was subtracted from CIPS on-field response. Figure SI1 shows on-field IPS and CIPS loops (left) as well as resulting CIPS minus IPS in-field response, which compares well to CIPS off-field response (right). At 100°C, which is well above the phase transition temperature, loss of spontaneous polarization is observed in PFM amplitude and phase images ( Figure SI2 ). Correspondingly, voltage spectroscopy offfield response is close to zero for CIPS and IPS ( Figure SI3 ). While on-field data for IPS is a linear function of Vdc indicating electrostatic signal origin, CIPS on-field response shows a sigmoidal curvature. 
